The tendency of peptides to be oxidized is intimately connected with their function and even their ability to exist in an oxidative environment. Here we report high-level theoretical studies that show that hydrogen bonding can alter the susceptibility of peptides to oxidation, with complexation to a hydrogen-bond acceptor facilitating oxidation, and vice versa, impacting the feasibility of a diverse range of biological processes. It can even provide an energetically viable mechanistic alternative to direct hydrogen-atom abstraction. We find that hydrogen bonding to representative reactive groups leads to a broad (~400 kJ mol -1
Peptides are one of the main building blocks of life, and their reactivity towards oxidation is of key relevance to their function. Understanding this chemistry requires a thorough knowledge of the associated fundamental thermochemical parameters and, in recent years, accurate theoretical calculations have provided an alternative to experimental methods to obtain such data reliably, 1 ,2 with the advantage of being able to simultaneously and directly probe the structures of the reacting species. This approach has been used, for example, in recent theoretical work on vertical ionization energies of -amino acids, 3, 4 and radical cations of amino acids and peptides, 5 as well as in our own previous studies of hydrogen-atom abstraction from small amino acids and peptides. 6 In this context, we have recently been using theory to investigate the oxidation of small peptide derivatives of amino acids. During the course of this study, we observed a substantial effect of hydrogen bonding on the magnitude of the ionization energies (IEs). While this qualitative change is not entirely unexpected, it is also of interest to examine its biological impact. 7 Due to the ubiquity of hydrogen bonds in peptides, inter alia as a prime determinant of the three-dimensional structure of proteins, 8 this phenomenon is potentially of great importance. In the current article we examine it in detail, and explore its relevance to peptide function for example in electron transport 9, 10 and enzyme catalysis, 11, 12 post-translational metabolism, 13 and susceptibility and resistance 14 to degradation in oxidative environments. A most characteristic feature of all peptides is the amide bond. We use a small model system for this peptide backbone linkage, namely N-methylacetamide (Figure 1 ), to initially examine effects on IEs. Table 1 displays the adiabatic IEs calculated using the high-level G4(MP2)-6X procedure 15 for the neutral, protonated and deprotonated forms of Nmethylacetamide, as well as for the corresponding complexes with water hydrogen-bonded at oxygen and at the amide hydrogen. To allow for the variety of peptide environments, we employ a solvent continuum model within the SMD approach 16, 17 to estimate environmental effects, aiming to reach broad conclusions. Energies throughout correspond to {G4(MP2)-6X + SMD[M05-2X/6-31+G(d)]} enthalpies at 298 K in kJ mol -1 , with 1eV = 96.485 kJ mol -1 . Theoretical details are given in the Supporting Information.
We note that, based on comparisons with experimentally determined properties, values for generic protein dielectric constants from about 1 to over 40 have been suggested for use in implicit solvation models. 18 In this respect, we believe our use of solvent parameters for octane at the one end and water at the other end covers a sufficiently wide range of environments, that distinct behaviors can be observed from the results of our calculations. Thus, the parameters for octane are used to represent a hydrophobic environment such as is created by lipids with membrane-bound proteins and within peptides by aggregation of aliphatic side chains; those for benzene are employed to model regions in the interior of proteins surrounded by aromatic groups; while those for water are used for simulation of the aqueous medium experienced by water-soluble proteins.
We see ( Table 1) that, in octane, there is a large variation in the IEs, from 1220.8 kJ mol -1 for protonated N-methylacetamide to just 352.7 kJ mol -1 for the deprotonated form, which in each case represents a change of more than 400 kJ mol -1 compared with the IE of the neutral species. Hydrogen bonding by water at the amide hydrogen of N-methylacetamide leads to a lowering of the IE but by just 27 kJ mol -1 as a result of "partial deprotonation" and the resulting partial anionic character. In a similar manner, partial protonation by complexation of water at oxygen leads to an increase in the IE but by only 21 kJ mol -1 . In higher-dielectric environments, the effects follow the same trends but are generally of reduced magnitude, with water leading to a greater reduction than benzene.
Intriguingly, the protonated, hydrogen-bonded and neutral forms are found to have lower IEs in water than in benzene, than in octane, while for the deprotonated form the reverse order holds. While this is consistent with expectations based on electrostatic stabilization of charged species in a higher dielectric situation, it emphasizes the important but complex impact of environment on oxidation. Let us now take a closer look at the apparent effect of hydrogen bonding to the amide hydrogen of N-methylacetamide, to lower the IE and therefore increase the oxidative susceptibility. As noted above, the effect of water as the hydrogen-bond acceptor is calculated to be only 27 kJ mol -1 in octane and even less in the other solvents, but what are the effects of stronger hydrogen-bonding acceptors such as those that carry a negative charge? Table 2 shows IEs for N-methylacetamide complexed with small systems used to model the deprotonated peptide side-chains of Cys (MeS Table 2 indicates a more complicated situation. Indeed, examination of Figure 2 shows that in both these cases, significant proton transfer from the amide does not accompany complexation. In addition, inspection of the molecular orbitals shows that, in each of these two cases, the low IEs correspond to the removal of an electron from the complexing anion rather than from the amide.
On the other hand, we find that interaction of HO -with the amide leads to almost full deprotonation of the amide in the complex (Figure 2) , and this occurs regardless of the nature of the continuum environment. As a consequence, the resulting IEs are only slightly higher than the values in Table 1 A different biologically-related aspect that we have examined is associated with the side-chain functionalities of Cys and Tyr, which we modeled in the deprotonated forms using MeS -and 4-MeC 6 H 4 O -. They are recognized as being particularly susceptible to oxidation, as exemplified through the formation of Cys disulfides in proteins, and peptide secondary metabolites through phenolic coupling, 13 and reflected in the selective oxidation of these anions in the complexes with Nmethylacetamide. More broadly, thiols such as glutathione and phenols such as vitamin E are important antioxidants. Therefore, we now consider the impact of hydrogen bonding, protonation and environment on the IEs of these groups. Thus, in Table 3 we extend our examination of IEs of complexes of MeS -and 4-MeC 6 H 4 O -in which the amide is the hydrogen-bond donor ( , respectively. Although the IEs of the anions are higher in water than in benzene and octane, the IEs of MeSH and 4-MeC 6 H 4 OH are lowest in water, since the magnitude of the effects of protonation is reduced to less than half in that medium. This environmental effect is analogous to that seen with Nmethylacetamide and its corresponding anion (Table 1) , and can be similarly rationalized on the basis of electrostatic stabilization of charged species. Let us now turn our attention to yet another area in which the effects of hydrogen bonds on IEs can have a biological impact. Hydrogen-atom abstraction at the -carbon of amino acid residues in peptides leads to backbone fragmentation that has been associated with numerous pathological disorders. 19 Previously, we have studied such abstractions by HO•, HOO•, Cl• and Br•, and found that, although large negative reaction free energies are associated with formation of the captodativelystabilized product-peptide radicals, the calculated energy barriers favor hydrogen transfer from amino acid side chains in the cases of HO• and Cl•. 6 The IEs of amino acid residues relative to the electron affinities (EAs) for these abstracting species allow an assessment of the susceptibility of peptides towards oxidation, as an alternative pathway for biochemical degradation. To evaluate the importance of this, we have calculated EAs for HO•, HOO•, Cl• and Br• and, to extend the generality of these observations, we have also determined the corresponding values for MeOO• as a model of radical intermediates in peroxidations, and the nitrogen-centered radical •NO 2 that is prominent in air pollution 20 (Table 4) . Various possible reactions between the oxidants and N-methylacetamide are illustrated in Scheme 1 for HO•, together with the corresponding reaction enthalpies. We can see that none of the species listed in Table 4 has the electron-accepting capability to oxidize neutral Nmethylacetamide, since the EAs of the oxidants are in all cases lower than the IE of the neutral amide, calculated in either octane, benzene or water (Table 1) In the cases of •NO 2 and Br•, the oxidation is likely to compete with direct hydrogen-atom abstraction (pathway b) and, given the tautomeric relationship between amidyl and adjacentcarbon-centered radicals (Scheme 1B). The corresponding oxidation in peptides then constitutes an alternative, feasible pathway for -carbon-centered radical formation and peptidebackbone cleavage. Even though the direct hydrogen abstraction is exothermic for HO• and Cl•, the corresponding process in peptides is kinetically disfavored, 6 so oxidation by these species appears to provide a more viable route to -carbon-centered radicals known to be produced experimentally. 14 If we now apply a similar argument to the interactions of MeS -and 4-MeC 6 H 4 O -with the various oxidants of , and the EAs of the corresponding amide radical cation, and thiyl and phenoxyl radicals. These deserve special scrutiny in the context of their relevance to peptide chemistry because, for example, thiols are understood to be involved in repairing radical damage to peptides, catalysis by some enzymes is thought to proceed via oxidative interactions between side-chain Cys and backbone Gly residues, 8 and it has been suggested that amide bonds of peptides might be stepping stones for electron transfer between Tyr and Cys residues along peptide chains. Table 3 ). This suggests that, at least in a localized environment within a biological system, a balance between oxidative susceptibility and oxidant strength is readily conceivable that would allow amide oxidation by thiyl or phenoxyl radical, the reverse, or both.
Combining the several mechanistic arguments provided above, and taking into account the relationship between amidyl and -carbon-centered peptide radicals (Scheme 1B), this oxidation-reduction constitutes an alternative pathway to hydrogen-atom transfer for the interconversion of thiyl radicals such as Cys• with peptide backbone radicals such as Gly•. It also allows for the possibility of electron hopping between peptide amide bonds and Cys and Tyr side chains.
In conclusion, our calculations have shown that the ionization energies and associated oxidative processes for a set of compounds related to amino acids and peptides are modified by hydrogen bonding, with complexation to a hydrogen-bond acceptor leading to more facile oxidation, and vice versa. For amides, thiols and phenols, increased hydrogen-bonding interactions, all the way through ultimately to full deprotonation, provides in each case a spectrum of oxidative susceptibilities. When the hydrogen bonding leads to a coupled oxidation-deprotonation reaction, the outcome is an energetically viable and sometimes preferable mechanistic alternative to direct hydrogen-atom abstraction. Overall, our results demonstrate subtle mechanisms and environmental factors that affect oxidative susceptibility, and point to important ways in which the fine balance of hydrogen bonding and oxidation is likely to impact on a broad range of oxidative processes involving peptides.
